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ABSTRACT
In the Muon G-2 Experiment, one of the largest sources of uncertainty in the results is the lack of
a steady temperature over time within a 50-foot diameter, superconducting, electromagnetic ring.
The temperature of the ring was hypothesized to become steadier after a new airflow was
established inside the MC-1 hall, the room that the experiment is being conducted in. By using
ANSYS CFX, a computational fluid dynamics software, simulations were conducted that verified
this hypothesis.

INDIVIDUAL CONTRIBUTIONS
Josh Helsper
Josh was the main developer of the simulation throughout the course of the project. He contributed
by putting in countless hours of set up into the simulations so that it accurately simulated real
world air velocity and heat transfer. This was not an easy task given the complex nature of fluid
flow simulations, and the fact that he had never worked on one previously. He also worked to
make the simulation’s parameters dynamic through geometry manipulation so that Design of
Experiments could be performed on the simulation. In addition to the work put towards the
simulation, Josh also helped to write and revise the final report and gave insight whenever Thomas
would have issues with what he was working on.

Thomas Corbett
Thomas worked on developing the model of the MC-1 Hall at Fermilab. This has consisted of
reading through architectural, electrical, mechanical and structural drawings of hall and developing
them into a model using SOLIDWORKS. This process took multiple visits to Fermilab and took
a long time to create an accurate 3D representation of an entire building filled with complex
equipment and geometries. In addition to this, Thomas developed mesh convergence code and
contributed to the DOE code. This code was written in MATLAB and was very complex and
extremely robust. Without this software, the results would have been very difficult to analyze, and
a considerable amount of time would have been wasted. Thomas also assisted in running
simulations for mesh convergence and for the Design of Experiments. He also helped to write and
revise the final report and helped Josh with any issues he was having when it came to the simulation
that he couldn’t figure out.
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1-INTRODUCTION
1.1-Background
Fermi National Accelerator Laboratory, or Fermilab, is a government funded research facility that
focuses largely on the nature of subatomic particles. The Muon g-2 experiment is a study being
conduct by Fermilab that detects the presence of muons. To do this, a large superconducting ring
is used to induce a magnetic field, and fluctuations in the magnetic field are measured to detect the
presence of muons traveling through the ring. There are many causes of uncertainty in this
experiment that have been predicted and mitigated to produce the most accurate results. The
temperature of the superconducting ring over time has been predicted to cause significant
uncertainty in the results of the Muon g-2 experiment; however, this has not yet been mitigated.

1.2-Purpose of the Project
The purpose of ventilating the heat load in the Muon g-2 experiment is to reduce the uncertainty
associated with the results. It has been predicted by Fermilab physicists that if the ring’s
temperature is to maintain steady state within plus or minus one half of a degree Celsius, the
accuracy of the results would significantly increase. To do this, fans will be installed around the
MC-1 Hall, where the Muon g-2 experiment is to be conducted.
ANSYS 19.2 CFX was used to simulate the air and heat flow in the MC-1 Hall with different fan
configurations, while also monitoring the temperature change in the ring. The model of the hall
used in ANSYS, which was designed in SolidWorks and SpaceClaim, includes all significant flow
obstructions and heat loads. Using these software packages, the configurations of the fans around
the room were determined through design of experiments (DOE) and deductive reasoning, and the
temperature of the ring was able to be accurately predicted. Once the final simulation was
complete, the recommendation of fan parameters was given to Fermilab. The uncertainty
associated with the results of the experiment are expected to diminish based on the results of the
air and heat flow simulation.

1.3-Previous Work Done by Others
Erik Vorin, a mechanical engineer at Fermilab, has been the lead for this project. So far, he has
used CFX 19, which is a software that is able to simulate fluid flow and heat dynamics. In his
work, Erik was able to make a rough simulation of the building and many of the heat sources,
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although many approximations were made in this. Some of the elements producing heat, such as
electronics cabinets, have been modeled as point sources. Some heat sources have been left out,
and not all the geometry of the building has been added to the simulation. This simple simulation
will provide a stepping block to creating a much more in depth and correct analysis of the Muon
g-2 project.

1.3.1-Existing Products
This project or ‘product’ is to create an optimized simulation of Fermilab’s MC-1 hall to better
ventilate the heat load produced. Other ‘products’ or options other than the team would be to have
it completed internally by a Fermilab employee, or to outsource it to a company which specializes
in CFD simulations. The primary benefit of having a student group complete the project is the cost.
Both a Fermilab employee or external company would require either salary or explicit costs,
respectively, to accomplish the simulation. With a student group, the project is a required
component for the capstone of their bachelor’s degree. Another benefit to the student team is that
there are three people which will be dedicated to the project, unlike either of the other options
which may only place one person on the simulation. This likely yielded more unique ideas and
better overall solutions to the problem.
There are a few disadvantages to having the student group complete the project, as it relates
objectively to the project. The first is that both the Fermilab employee or an outsourced company
will have more experience with simulation software and will be able to complete the project in a
more timely manner. The Fermilab employee will also have information about what general
practices are followed by the lab, which the company may not readily know. Additionally, a
Fermilab employee may have greater and faster access to documentation about the hall and
components within it.
After reviewing the potential choices, the best option becomes clear, which is a combination of
the student team and a Fermilab employee to help mentor them. This keeps the overall cost low,
while bringing the knowledge and expertise of an established engineer familiar with the system.

1.3.2-Patent Search Results
Patents can’t be filed by governmental organizations, meaning there are no patents as it pertains
to the physical components of the experiment. However, patents can be filed for specific design
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elements within CFD software, but no one blanket patent exists for the software. Search results for
patents related to CFD came back with specific examples of software design elements such as
“Systems and methods for quadrilateral mesh generation” or “Systems and methods for
simulations of reliability in printed circuit boards” [1]. These search results are not necessarily
relevant to the goals of the team since we will not be designing software.

1.4- Map for the rest of the project
In the following section, the designs of both the initial ideas, and the final optimized project are
discussed in full detail. Afterwards, constraints on the design of the project and safety concerns
around design and implementation are covered. The prototype, which is the final set of simulations,
will be discussed in full context. From there, impact on engineering solutions, budget, timeline,
and team member contributions are explored. The report ends with a conclusion, and additional
information which the reader may find useful.

2-PROJECT DESIGN
The following section is an overview of the three designs which were originally proposed, and the
reasoning for why there were initially considered. After this, a revised optimal design is discussed
further in-depth, including its analysis and subunits.
Design One
The control of flow and homogenization of air temperature in the Muon g-2 hall is a complex and
unintuitive process. However, using trivial concepts and intuition, it is possible to hypothesize a
couple different flows that maintain the ring’s temperature constraints. The first concept is to
induce a circular flow about the center of the room to simulate common mixing techniques like
those used in stirring sugar into coffee. This is anticipated to homogenize the air temperature, just
as sugar homogenizes with the coffee. For this concept, the fans would be mounted high in the hall
to ensure that there is no interference of the flow from the numerous obstacles at ground level. The
flow and fan layout can be observed in Figure 1, along with the component descriptions in Table
1. Notice that the existing fans in the hall are not modeled as it is anticipated that their volume
flow rate is relatively small compared to the fans that are planned to be implemented.
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Figure 1: Fan placement and air flow for design one

Table 1: Figure identifiers and fan information for design one

Identifier
A

B

Description
Orientation
Fan Size
Ceiling Level Located on the edges of Large
Fans
the wall, with the flow
parallel to the wall
Ground Level Blown downwards and N/A
Chiller
underneath the outer
edge of the ring, also
angled to induce swirl

Quantity
4

1

Inducing a circular flow at ceiling height is hypothesized to cause the warm air to mix and
homogenize before cooling and falling back down to ground level. Additionally, it is anticipated
for the circular flow to migrate downwards due to the friction between air molecules, thus
increasing the homogeneity of the air temperature.
Although this concept is simple and has relatively trivial implementation, there could be a few
issues that present themselves while running a simulation of this air flow. The first issue could be
that the circular flow does not migrate far enough downward for the air to be homogenous both at
ceiling level and ground level. The second issue is that the ring is not centered in the room, and
Page 8 of 43

Honors Capstone Report
thus the flow would not be circular about the ring. This may or may not cause adverse effects on
the temperature of the ring, but it is worth noting as the fans could be adjusted such that the flow
is circling about the ring’s center axis. The last issue is that the high elevation of the flow will
likely cause the chiller’s output to not be integrated into the circular flow. This may cause
significant non-uniformity in the air temperature.
Design Two
The second type of air flow that could be beneficial to maintaining the magnet’s temperature is a
low fan swirl. This is similar to the first type of air flow; however, fans will be implemented near
the ground level instead of near the ceiling. This creates air movement closer to the magnet and is
expected to assist the overall convection near the surface of the ring in comparison to the first flow
type. This is because the air will be able to move much faster near the surface, as the fan will be
closer to the magnet. Additionally, the cold air output from the chillers will be combined with flow
from the fans which may assist in creating a consistent air temperature around the magnet Figure
2 below represents this type of flow and Table 2 describes the elements in the room.
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Figure 2: Fan placement and air flow for design two
Table 2: Figure identifiers and fan information for design two

Identifier Description
A,B,C
This fan, like the other fans in
this flow type, are all to create
a circular flow around the
outside of the magnet.
D
Chiller

Orientation
Fan size
Pointing tangential to Large
the ring edge near Laser
Hut

Quantity
1

Pointing tangential to Medium
the ring edge near door,
near opposite wall

2

This fan orientation has several distinct benefits over the first design choice. First the potentially
increased convection coefficient could assist with heat transfer and maintaining a consistent
temperature gradient across the magnet. Logistically this plan is also optimal as all mounting of
fans would be low to the ground, where power could be routed to easily.
While this flow would optimize the speed of the air near the magnet, there are many constraining
factors as to why this type of flow may not be conducive to the project. First, there is a large
amount of other equipment that surrounds the magnet. This means that the space near the floor
around the magnet is limited and may invoke difficulties regarding fan placement. Additionally,
this equipment would also interrupt the flow substantially at the lower level and may interrupt the
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movement enough to make the added speed irrelevant. The second issue is that the fans are placed
on the outside of the ring, meaning that the flow would be significantly limited on the inside, where
the temperatures are more critical. The third issue is that much of the heat generation is on the
inside of the ring, and as previously stated there will be limited air flow there from the ground
level fans.
Design Three
This design is different from the others in that it does not only swirl the air in the room the same
way a vortex would, but also forces air up through the center of the magnet. Since the majority of
the heat sources in the room lie within inside the boundaries of the magnet, it would be sensible to
direct that heat upwards in the direction it naturally wants to move in. An approximate
representation of the location of additional fans and how the chiller air will be routed can be seen
in Figure 3, along with additional identifying information in Table 3. Each fan has been labeled,
and the predicted fluid flow is indicated with white arrows.

Figure 3: Fan placement and air flow for design three
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Table 3: Figure identifiers and fan information for design three

Identifier Description
A
Ceiling fan

Fan Size
Large-Medium

Quantity
4

B

Medium

4

N/A

2

C

Orientation
Downwards, towards
the outer edge of the
ring
MidPointed towards the
level/floor fan bottom of the ring,
where there is a gap
between it and the floor,
yet angled to induce
swirl
Chiller ducting Blown downwards and
underneath the outer
edge of the ring, also
angled to induce swirl

Starting at the source of the heat, hot air rises from the center of the ring due to the large number
of electrical components, vacuum pumps, and calorimeters. Once it reaches the top of the room,
the air is forced to the sides of the room by new incoming air. The ceiling fans (A) then force this
somewhat cooler air back down towards the outer edge of the ring. These fans will need to be large
enough in order to make a significant impact on the flow of the air, and also will need to be located
directly above the outer edges of the magnet. From there, the mid-level fans (B) assist with the
movement of the air by forcing it towards the gap between the ring and the floor while also
inducing swirl. These fans will need to be mounted such that they aimed downwards toward the
ring and directing the flow near tangential to it to best induce a circular flow.
The chiller air flow (C) will be working in conjunction with the mid-level fans in order to induce
a swirled flow that travels up and into the magnet and across its inner surface, which is very
important to this project. Since the top, bottom, and outer edge of the magnet are now insulated,
the inner surface is most likely to experience temperature gradients that will have an adverse effect
on the accuracy of the experiment. Once the air reaches this point, the cycle begins again once it
heats up due to the electrical components at the center of the magnet.
There are several potential issues with this design, the first being that it may be difficult to
implement the flow. It is currently unknown if this flow is possible, and so it will first need to be
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simulated in ANSYS CFX. If the flow is realistic, then also the number of fans that would be
needed and their placement may incur higher costs than what was originally calculated. There are
sufficient areas in the Muon g-2 hall to mount these fans however, so if this proves to be the best
solution to creating a consistent thermal gradient, then it would still be possible to make this design
a reality.

2.1-Optimal Design
2.1.1-Objective
The objective of the optimal design is to decrease steady state temperature deviations in the ring.
To do this, it is optimal to use two fans and two chillers in the hall. The fans should be located on
the walls without the pre-installed chillers to help induce a circular airflow around the ring. After
performing design of experiments and iterative testing, it was found that the ring’s steady state
temperature fluctuations are decreased when the fans are oriented anywhere within their tested
DOE parameter values.

2.1.2-Subunits
The Muon g-2 Hall air flow system has many subunits to be considered. In Figure 4, a flow chart
is used to demonstrate the system’s subunits. The subunits with asterisks will be further elaborated
in writing. The subunits without asterisks will be acknowledged in the writing, but under the
heading of its parent, asterisked subunit for the sake of organization.
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Figure 4: Flow Chart

2.1.2.1-Fans
The fans are the most prominent subunit of the system because they are responsible for most of
the resulting airflow, and the fans have multiple manipulatable parameters to control based on the
simulation results. In the optimal design, the fans used are 30-inch diameter wall-mounted fans
with a 12,000 Cubic Foot per Minute (CMF) (340 cubic meters per minute) volume flow rate.
These fan specifications were chosen for the optimal design because of their high-volume flow
rate, and their relatively low cost. After performing a DOE analysis, it was found that the fans
should be mounted approximately 30 feet off the ground and could be pointed such that their output
is between being tangent to the inner diameter of the circle of calorimeters and being tangent to
the outside of the ring. Additionally, the fans should be angled downward such that their path is
pointed between the middle of the ring at its center and the top of the ring at its center. In addition
to the fan’s location and orientation, it is worth noting that there will exist only two fans that are
located on opposite walls. On the two walls that the fans are not located, the chillers provide
enough airflow to achieve a circular airflow about the ring.
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To get the fans into their desired position, the mounting hardware and the electrical wiring need to
be considered. In the optimal design, the fans are designed to be wall mounted because it allows
the fans to be close enough to the ring where the ring is affected by the fan’s airflow, but high
enough to establish a flow despite the numerous obstructions at ground level.

2.1.2.2 Chillers
The chillers are responsible for removing heat from the room, but also have a relevant output
volume flow rate of 3,000 cfm that can affect the direction of the airflow in the hall. The volume
flow rate is constant; however, their output temperature can be controlled, and their output
direction can be controlled in one degree of freedom by using louvers. After DOE and iterative
testing, it was found that their optimal operating parameters are while their output path is between
being tangent to the inner diameter of the ring and being tangent to the diameter of the circle of
calorimeters. Also, the chillers should be angled downward between 0º and 30º from the ceiling.
Visualizations of how the fans and chillers are oriented can be view in Figures 5,6, and 7.

Figure 5: Model with fans pointing inside of the ring and chillers pointing outside
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Figure 6: Model with fans pointing inside of the ring and chillers pointing inside

Figure 7: Model with fans pointing outside of the ring and chillers pointing inside
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2.1.2.3 Heat Sources
To conduct the experiment in the Muon g-2 hall, DAQ systems, computer racks, vacuum pumps,
and other equipment are required to be inside of the ring. Based on an estimation from Fermilab,
the total heat production from all this equipment is about 50 KW. In Table 4, all of the heat sources
and their total heat load is listed.
Table 4: Heat source types, quantities, and total heat produced [4]

2.1.2.4 Flow Obstructions
In the Muon g-2 hall, there is an abundance of equipment and structures that can impede the air’s
ability to flow. In the current optimal simulation, some of the major obstructions are included like
the laser hut, the HVAC vents, center platform with DAQ equipment, and stairwells, but more
obstructions will be included in future iterations. The equipment and structures cause the flow in
the hall to become significantly more complex and less intuitive to predict and can cause nonuniformity of air temperature within the hall. As more air flow obstructions are added into
successive simulations, the sensitivity resulting from the obstruction location and size will be
considered to diminish unnecessary complexities in the simulation.
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2.1.2.5 Hall Boundaries
The hall consists of four walls, a ceiling, and a floor that all act as thermodynamic boundary
conditions for the model in the simulation. In the optimal design simulation, the boundary
conditions are defined as steel or concrete walls, with the outdoor air modeled on one side with a
constant temperature, and the interior air modeled on the other side. The floor will be considered
as an adiabatic boundary since there is very little heat transfer through the concrete foundation.

2.1.2.6 Ring Temperature
The ring was modeled as a steel and aluminum geometry that was designed based off of the
drawings of the ring. The ring’s temperature throughout the simulations maintains a steady state
with little variance, this can be seen in the results section. The ring’s temperature is a direct
correlation to the weather conditions outdoors, the heat given off by the lab equipment, and the
new heat and air flow created by the fans and chillers.

2.2-Prototype
Overview

To evaluate the pertinent information regarding the prototype simulation, this description will go
through the entire process of creating the simulation. As described in the introduction, the process
is as follows: Creating geometry and adjusting it in Space Claim, meshing the geometry, setting
boundary conditions in CFX-Pre, saving to a .def file and running in CFX-Solve, passing the data
through the post processing code, reviewing data in CFX-Post, and using this to conclude the best
orientation of the equipment being added to the lab.

Geometry and Meshing

To create the initial geometry, SolidWorks was used. This stage of the modeling included
establishing all static objects in the simulation. This is comprised of every component except for
the fans and the louvers on top of the chillers that direct the airflow. To model the g-2 experiment,
architectural drawings were received from Fermilab that listed most of the core physical
components of the room, such as the size and thickness of the walls. There were some
discrepancies in the drawings; however, as they were several years old, and the experimental space
had developed over time. To confirm the size and placements of certain components within the
room, measurements were taken inside the hall over the course of multiple visits. The magnet was
modeled with provided drawings and was created as an assembly of smaller bodies to accurately
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represent the heat transfer that it experiences. Besides the magnet, much of the geometry was
simplified to decrease the number of required elements and nodes to accurately represent the
objects when meshed later. The air inside the room was modeled last, which was done through
creating a negative of the room in Solidworks, and then placing the negative in the originally
modeled room. In this way it can be assured that the different components of the geometry do not
intersect each other, as that would create problems during the setup of the simulation. To pass this
onto SpaceClaim, the model was exported as a .step file. The exported geometry can be seen in
Figure 8.
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Figure 8: Geometry Exported from Solidworks
The .step file was then imported into SpaceClaim where the bodies were simplified to a single part
to streamline how ANSYS meshes the files later. Inside SpaceClaim the fans and louvers on top
of the chillers were added. The fans were modeled as short cylinders 30in across, and the louvers
were modeled as 16in diameter tubing which protruded from the top of the chiller at a right angle,
pointing towards the magnet. These features were subtracted from the air created in SolidWorks
using a boolean operation. This enabled the faces of these objects to be named before meshing. If
the fans and louvers were positioned in SolidWorks and exported as part of the original .step file,
then the faces would need to be renamed every time that a new .step file was created for a new fan
and louver angle or position, which would add a significant amount of time in the simulation
preparation phase.
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The fan positions were determined through suggestions of engineers at Fermilab and were placed
in the upper center of the east and west walls of the room. The east fan was mounted under a
conveniently placed I-beam, whereas the west fan was placed as if it was mounted to the west wall.
The chillers were similarly placed by the engineers at Fermilab, on the north and south walls of
the room, near the door and on almost the exact opposite side of the room respectively.
Inside SpaceClaim the angle of the fans was visualized using axis to show exactly where the fans
were pointed, which can be seen in Figure 9.

Figure 9: SpaceClaim Geometry and Fan/Louver Angles
The angles that the fans and chillers pointed were determined through a design of experiments
evaluation (DOE), which involved running different versions of the simulation with differing
geometry to find which component changed the steady state temperature and the range of
temperatures on the ring the most. To do this, the pitch and yaw of the chillers and fans were
evaluated at the maximum and minimum angles of the testing range. For the fans that meant
pointing above the ring or towards the middle of the wall of the ring, then pointed either at the
inside or outside wall of the ring. The chillers had a similar approach where they were either
pointed down at 30˚ or above the ring pointed at 0˚. Different combinations of these conditions
were then made into geometries that were determined by grouping sets of conditions with only one
differing quality between sets. The seven different geometries created for the DOE simulations
can be seen in Table 5.
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Table 5: Geometry Variations
Geometry

Fan Angle

Fan Angle

Chiller Angle

Chiller Angle

Inside/Outside

Middle/Top

Inside/Outside

0˚/30˚ Down

1

Inside

Middle

Inside

0˚

2

Outside

Middle

Inside

0˚

3

Inside

Top

Inside

0˚

4

Outside

Top

Inside

0˚

5

Inside

Middle

Outside

0˚

6

Inside

Middle

Outside

30˚ Down

7

Inside

Middle

Inside

30˚ Down

The last work to be done in SpaceClaim was to create all of the named selections which would
later be used in CFX-Pre. A named selection is a grouping of bodies or faces which are given a
name. By using named selections, even if the mesh file in CFX-Pre is changed, it allows for CFXPre to identify what to apply its boundary conditions to. This saved a significant amount of time
when setting up the simulations, and consistent boundary conditions for all simulations conducted.
In order to make a named selection in SpaceClaim, one can go to the “selections” tab, controlclick their desired geometry, and then hit “create selection”, and then rename it as is appropriate.
The geometry from SpaceClaim was then passed into ANSYS Mesh, which was used to mesh it.
To find the best size mesh for this simulation, a convergence study was created to evaluate the
performance of different mesh sizes. Meshes were defined based on the surface mesh size, with a
growth rate of 1.04. The mesh sizes tested varied from 10in up to 20in at 2in increments, with the
exception of the air outside the room which was modeled to have a lower mesh size to decrease
the run time of the simulation. Temperatures output from the simulations at 16 monitor points
along the inside of the ring were ran through a MATLAB script to determine the maximum error
in results between mesh sizes. This script can be found in Appendix A. The results of this
convergence study can be seen in Figure 10.
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Figure 10: Maximum Error Between Two Mesh Sizes. Blue is Error Between 10 and 12, Red is Error
Between 12 and 14, and so on.

As can be seen in Figure 10, the error, on average, decreased as the mesh sizes became smaller,
and at worst the error between points of 10in mesh and 12in mesh was under 1%. Therefore, the
mesh size for all future simulation was selected to be 12in, as it had minimal differences from the
10in mesh, and would be much less computationally expensive. Because the different simulations
required by the DOE were relatively similar except for the change in angle of the fans and louvers,
it was determined that it would not be necessary to do a convergence study for each geometry, and
that using a 12in mesh for all future simulations would return reliable data. A cross section of the
mesh used for the simulation can be seen in Figure 11. Note that around the ring and walls the
mesh size is smaller, and this was to better simulate the heat transfer and fluid flow near surfaces.
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(a)

(b)
Figure 11: (a) Cross Section of Mesh of Room. (b) Close up of Mesh Surrounding the Ring and Other
Components Near the Floor.
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3.3 Setting Boundary Conditions, Monitor Points, and Using CFX-Pre

Once the model was completed and meshed, the meshed geometry was moved into CFX-Pre. The
first goal of using this software was to establish the material domains inside the model. The
domains that were used in this simulation include: Air, Steel Walls, Concrete, Outside Air,
Fiberglass, and Steel Ring. The air and outside air domains consist of the air inside of the room,
and outside of the room respectively. Both were set to be fluid and have the thermodynamic
properties of air as a noble gas, with a reference pressure of 1atm. The heat transfer model used
was thermal energy, with a turbulence option of k-epsilon and scalable wall option. These settings
were the recommendation of the engineers at Fermilab. The steel walls domain consists of the
walls in the room that are composed of steel, which are treated as continuous steel solids with a
heat transfer method of thermal energy. The concrete domain was similarly modeled, however
with the material properties of concrete, and composed the foundation of the building, as well as
some components of the walls inside the room. The fiberglass domain consisted of the insulation
that surrounds the ring, which was modeled again as a continuous solid with a heat transfer method
of thermal energy. The final domain was the steel ring, which was modeled the same as the walls.
The interfaces between the domains were then defined, which were used as the point where heat
transfer between the domains happened. These were manually created to ensure that the connecting
surfaces were correctly selected and that their interfaces were at the correct locations. The domains
and interfaces can be seen in Figure 12. The heat transfer method between the solids and fluids at
the interfaces was modeled by conservative heat flux. The locations for these interfaces were
previously defined as named selections.
The next step to developing the boundary conditions was the creation of governing equations and
constants that would be used for simulating how the cooling and heating would work within the
room. The room has four devices which move air inside the room: the fans, the chillers, heat
generating elements, and the heating, ventilation and air conditioning (HVAC) system. To start
the equations, the specific heat of the air was defined, and then the flowrates for the different
devices were defined as well. This allows for simple and quick changes to the outputs of these
devices. The heat capacity of the chillers and the HVAC was defined here, again for ease of
changing depending on the simulation output. The HVAC system in reality would dynamically
change its cooling capacity depending on the current temperature of the room, however having a
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dynamic HVAC system was expected to dramatically increase the time required to complete
simulations, and at the suggestion of the engineers at Fermilab was made to have a constant cooling
capacity. In addition to the expressions that were globally defined, each of the elements that take
in and expel air was defined to sample the temperature of the air input, and then add or subtract
the heat capacity of that component to develop the output temperature of the air. This is the case
for the chillers, HVAC, fans, and calorimeters along the inside of the ring. These air imports and
exports were then placed based on the faces where they would operate, such as the surface of the
fan.

Figure 12: Ring to Insulation Interface inside the Meshed Room.
Point heat sources were then placed throughout the room, and the heat output from the calorimeters
was also modeled. The different sources of heat and their respective heat load can be seen in Table
6. These heat loads were placed according to their location currently in the g-2 Hall, and the
calorimeters were modeled to export heated air upwards as they have heat exhaust fans mounted
on their top.
The last required boundary condition for the room was the outside air temperature. This was set to
simulate the outside seasons, and an average temperature of 0 Degrees Fahrenheit was chosen for
the winter temperature, and 100 degrees Fahrenheit was chosen for the summer temperature. Most
of the DOE simulations were conducted at 74 degrees Fahrenheit, intentionally near room
temperature. This was done to not affect the interior room temperature while other simulation
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Table 6: Heat Loads and Sources [4]
Heat Source

Heat Load (kW)

Quantity

Total Heat Load (kW)

Calorimeter

1

24

24

Center Racks

1

4

4

Triple Rack

3.6

1

3.6

Single Racks

0.5

3

1.5

Stair Bottom (East)

0.5

3

1.5

Stair Bottom (West)

1

1

1

Laser Hut

3

1

3

Blumlein

2

1

2

Vacuum pumps

0.45

8

3.6

Tracker Cooler

0.5

1

0.5

Tracker Air

0.25

2

0.5

Vacuum Outside Ring

0.45

7

3.15

Total:

48.35

components were being tested. The simulations testing at 0 and 100 degrees Fahrenheit were added
as the final two trials of the DOE and had the same conditions as geometry number five, due to
promising initial results returned in early simulations. The final set of simulations that were
compared can then be seen in Table 7.
Sixteen monitor points were placed along the inside of the ring, with eight points placed on the
upper region, and eight below. This was done to capture the temperature both above and below the
vacuum chamber in the ring. Another monitor point was added into the simulation that captured
the average air temperature of the room as well which will be used later in the analysis to account
for the static HVAC system. The monitor points were used to output data to CFX-Solver to give
live feedback regarding the air flow in the room at a given point in time and enable post processing
beyond CFX-Post. These monitor points can be seen in Figure 13.
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Table 7: Geometry Variations
Geometry

Fan Angle

Fan Angle

Chiller Angle

Chiller Angle

Outside

Inside/Outside

Middle/Top

Inside/Outside

0˚/30˚ Down

Temperature:
Hot/Room/Cold

1

Inside

Middle

Inside

0˚

Room

2

Outside

Middle

Inside

0˚

Room

3

Inside

Top

Inside

0˚

Room

4

Outside

Top

Inside

0˚

Room

5

Inside

Middle

Outside

0˚

Room

6

Inside

Middle

Outside

30˚ Down

Room

7

Inside

Middle

Inside

30˚ Down

Room

8

Inside

Middle

Outside

0˚

Hot

9

Inside

Middle

Outside

0˚

Cold

Figure 13: Monitor Points along inside of Ring
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The last step before moving on to solve the simulations, was to define the time step and number
of steps required to complete the simulation in the solver control tab. The Advection Scheme was
set to High Resolution, and the Turbulence Numerics was set to first order. The simulation was set
to have a maximum of 4,000 time steps, which was determined by running the simulation multiple
times and finding the required time for the monitor points to reach an approximate steady state
value. The time step was set to be two seconds for fluids, and automatic for the solids. This was
done as the air temperature was what drove the heat transfer everywhere else in the system, so it
required a smaller time step. The other convergence criteria were not used when determining when
the system reached a steady state value.

3.4 Solving the Simulation and Outputting the Data

Once the file was ready to be solved, the data was written to a definition file (.def) which is what
is used in CFX-Solver. This was done by going to Tools, Solve, Start Solver, then Define Run.
Once the run was saved, it automatically opens CFX-Solver to begin the run. The runs for this
study were done by running the processor in Intel MPI Local Parallel, with four to six partitions
used depending on the computer that the simulation was run on. Additionally, memory allocation
in the processor and solver was set to ten. This was done to allocate more resources to the
simulation while it ran. Every other setting was left at default.
Once the solver was running, the simulation was monitored by looking at the user points tab, where
the monitor points that were defined earlier output to. Looking at these points allowed for the
identification of a steady state system, as well as the determination of how many steps the
simulation needed to run.
Once the run was completed, the user data points were export to a CSV file. This was done by
right clicking the user data points plot in the CFX-Solver, and then export plot variables. An
example of a completed run can be seen in Figure 14.
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Figure 14: Complete Simulation User Points

3.5 Using Data and Evaluate Results

To check that the simulations were returning valuable data, the solutions were saved to results files
(.res) and then viewed in CFX-Post. In CFX-Post, streamlines of the fans were visualized by
selecting any of the fan or chiller “inputs” as they were inputting air into the air domain. A
temperature plot along the surface of the ring was created by selecting contour, then setting the
domain to be Steel Ring, then location to be “AirSteelRing Side One”, and setting variable to be
temperature and the range to be local. To visualize the airflow at the ring level, a plane was created,
offset 10m from the XZ plane. Then a vector plot was made in the air domain, with its location
being on the just created plane. To better visualize the data, it was also set to have a local range in
the color tab, and the arrows were normalized in the symbol tab. An additional legend was needed
to be added in order to visualize both data types at the same time, and both legends were set to
show fixed data. The result of creating these features can be seen in Figure 14, with streamlines
left out for clarity.
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Figure 14: CFX-Post Data Evaluation

Once it was confirmed that all nine simulations for the DOE had returned valuable data and their
user points were saved to CSV files, the data was ready to be interpreted. This was done through
using a MATLAB Script. A copy of the script used for data evaluation is available in Appendix
B. MATLAB 2018a was used to write the script, and to run it a function called sublabel needs to
be added as well. This function was written by Ben Barrowes and is available at:
https://www.mathworks.com/matlabcentral/fileexchange/7772-suplabel
The first step in using the script is to add all the CSV files and the two MATLAB scripts into one
directory and then start the script. It first finds all CSV files in the directory and outputs their
filenames. Next it imports the data into an array, checks if the data is in Kelvin or Celsius, and
converts to Celsius as needed.
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Next, the data is filtered using a moving average with a range of 250 values to ensure that any
simulation errors can be minimized while evaluating the data. As can be seen In Figure 9, the
temperature on the ring appears to be growing at a constant rate. This is due to a lack of dynamic
cooling in the room, which in reality the HVAC system would maintain. To account for this, the
slope of the average room temperature is determined from the data, and the angle from the X axis
is determined. Then all data is transformed using this angle, effectively normalizing the monitor
point data with respect to the current room temperature.
The maximum standard deviation of a monitor point in each trial was found, and the range of
temperatures in each trail was found. This was done to numerically show how the system changed
with time, as well as to show the variation on surface of the ring at any given point in time. This
information was then plotted so that it could be compared across all trials, which can be seen in
Figure 14.

Figure 14: Normalized Plot Data
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In addition to plotting the step dependent data, a bar plot was generated to more directly compare
the standard deviation and range of temperatures on the surface of the ring which can be seen in
Figure 15.

Figure 15: Standard Deviation and Variance bar plots
Using the data shown in Figures 14 and 15 it is possible to identify that geometry five had the least
standard deviation, and that by comparing it to trials eight and nine where the temperature was
changed, it is possible to see that changing the outside air temperature had a minimal effect on the
temperature of the ring.

3-REALISTIC CONSTRAINTS
3.1-Engineering Standards
Several engineering standards were observed throughout the development of this project, with an
emphasis on the standards established by Fermilab. These standards are available online in the
“Fermilab Environment, Safety, and Health Manual (FESHM)” [2]. The section of greatest
importance to this project is the Electrical Safety category. This section discusses relevant safety
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issues when dealing with high voltage components, which is applicable due to the high voltage
fans that will be used in the final design. However, this is more specific to the Fermilab technicians
who will be installing the system, rather than the simulation of the system.

3.2-Ethical Constraints
Fermilab is a federally funded laboratory, which means that the money used to fund the
experiments comes from tax payers. To act ethically in this project, it is important to be cost
conscientious and to conserve the funds provided by the tax payers of America. Besides funding,
there are not any other ethical constraints because Fermilab’s experiments are conducted with the
purpose of developing a deeper understanding of physics, and they have no customers or market
to sell to.

3.3-Realistic Constraints
This project has limited economic constraints because the g-2 experiment is of great importance
to Fermilab and has a large budget. To act ethically, cost conscientiousness was practiced;
however, there was no hard constraint on the cost of the project.
There are limited environmental constraints for the project. All the elements of this project will be
housed with the MC-1 hall and should not be exposed to the outside environment. The room itself
may still be affected by temperature ranges throughout the seasons, which was previously
discussed in the subunits section.
There are only minor health and safety concerns within the scope of this project, mainly regarding
the installation and care for the high voltage fans. Information regarding the safety concerns of the
fans is available in section 4-Safety Issues.

4-SAFETY ISSUES
As it pertains to this design, there are relatively few safety issues which must be addressed, since
the bulk of the work involved is creating a proper simulation, which has no inherent dangers. The
first major concern is how the fans will be mounted, and that the mounts will be enough to support
a heavy fan. If the simulated and recommended fans are used, then this concern will be lessened,
as they are fans with pre-built wall-mounts. In that case, if the correct size wall anchors are used,
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then the fan will be safely secured to the wall and there isn’t any concern of it falling and injuring
someone. For the case that the best fan does not come with a pre-fabricated mount, then one will
need to be purchased and repurposed to hold the fans. Analysis will need to be performed if this is
done to ensure that the fans meet general safety standards. Other safety concerns which will need
to be addressed are how the fans will be lifted to their positions for mounting, and how the
electrical wiring will be handled. Fermilab already has its own safety standards for both of these
procedures, and therefore will not be discussed in detail here.

5-IMPACT OF ENGINEERING SOLUTIONS
With the selected design, it is anticipated that the g-2 hall at Fermilab will be able to appropriately
maintain its temperature, thus resulting in lower uncertainty associated with the experiment results.
This allows Fermilab to be able to run the experiment with an added level of precision that could
potentially provide enough information to disprove the current understanding of muon-particle
interactions. This would affect physicists and scientists around the world, and could shed light on
further advancement to understanding how these particles relate with one another.

6-LIFE LONG LEARNING
One very practical skill that was learned through this project is using the software ANSYS
CFX. Simulations are very commonly used in both industry and educational institutions and are
an excellent way to verify a project solution before its implementation. Since simulations do not
require any physical product or measurements (outside of the initial setup), they are favored
heavily over empirical testing and can save a lot of time, labor, and costs.
A lesson learned indirectly by using CFX is how to best simplify a problem and identify
all the truly relevant parameters. Since computational power is generally limited, and fluid
dynamics simulations are computation intensive, one must select only what is truly important to
the system to be included in the simulation. By learning how to distinguish the vital and non-vital
parameters of a system, one can lean down the time and resources spent on a project significantly.
Another important lesson that was learned because of this project is the experience of
working for a client. Working with a client allows students to experience industry, academia, or
research facilities at a close level. It helps students gain some real-world experience before going
on to get a job or pursue higher levels of education. It also allows students to apply the knowledge
Page 35 of 43

Honors Capstone Report
that they have gained from their classes to a real-world problem, and provide their client with a
real-world solution. This is a great example of bridging theory with practice.

7-BUDGET AND TIMELINE
7.1-Budget
Table 8: Budget for Muon g-2 hall fan installation

Item

Anticipated Price

Amount

Total

Industrial 30" fan

$

1443.61

4

$

5,774.41

Electrical installation and labor costs

$

1,500.00/fan 4

$

6,000.00

Total Cost:

-

-

$

11,774.41

7.2-Timeline
Table 9: Completed schedule for Muon g-2 hall project

Task
Number
1
2
3
4
5
6
7
8
9
10

Task Name
Meeting with Fermilab - meet and greet;
discuss purpose behind the project and
general project procedure
CFX tutorials - tutorial one
CFX tutorials - tutorial two
Acquire Temp Measurements - reach out
to Dr. Eads
Acquire Temp Measurements - meeting
with Dr. Eads about ring temperature data
Potential Fans - make initial list of fans
that could be used
Acquire Temp Measurements determine if temp data is useful or not
Hall Model - initial model of the hall from
hall drawings
CFX tutorials - learn software beyond the
tutorial
Potential Fans - finalized list of fans that
can be used
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Man
Hours

Start Date

End Date

10/1/2019

N/A

6
9 10/4/2018 10/18/2018
9 10/18/2018 10/25/2018
1 10/18/2018 10/25/2018
6 10/25/2018

N/A

2 10/25/2018

11/1/2018

3 10/25/2018

11/1/2018

8 10/25/2018

11/8/2018

9

11/1/2018

11/8/2018

2

11/1/2018

11/8/2018
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11
12
13
14
15
16

17
18
19

First Semester Simulation - Basic hall
simulation
Potential Fans - find mounting solutions
for fans
Hall Model - upgraded model for initial
simulations
First Semester Simulation - no fans, no
BCs, no HVAC, no chillers, single heat
load, with heat transfer
First Semester Simulation - add fans
Semester One Final Presentation
Winter Break
Second Semester Simulation - with fans,
no BCs, no HVAC, no chillers, multiple
heat loads
Hall Model - create an accurate ring
model
Meeting with Fermilab - discuss progress
made, take additional measurements for
room model, and inquire about how to
improve simulation

20

Hall Model - final hall model geometry
from new measurements

21

Second Semester Simulation - implement
suggestions from Erik Vorin at Fermilab
meeting

22
23
24
25
26
27
28

Hall Model - add fans and chillers into
simulation geometry using SpaceClaim
DOE - write MATLAB code to perform
DOE
Second Semester Simulation - add ring
monitor points
Second Semester Simulation - add
accurate boundary conditions
Second Semester Simulation - add
HVAC
Second Semester Simulation - allow
simulation parameters to be dynamic for
convergence testing and DOE
Second Semester Simulation - HVAC
adjustment, iteration 1
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16

11/8/2018 11/15/2018

2 11/15/2018 11/22/2018
5 11/15/2018 11/22/2018

10 11/22/2018 11/29/2018
4 11/29/2018 12/6/2018
15 12/7/2018
N/A
N/A 12/8/2019 1/14/2019

6

1/17/2019

1/24/2019

3

1/17/2019

1/24/2019

6

1/29/2019

N/A

4

2/14/2019

6

2/14/2019

2/22/2019

6

2/14/2019

2/21/2019

3

2/14/2019

2/21/2019

2

2/21/2019

3/7/2019

2

2/21/2019

3/7/2019

2

2/21/2019

3/7/2019

4

3/7/2019

3/14/2019

2

3/14/2019

3/21/2019
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Second Semester Simulation - HVAC
adjustment, iteration 2
Second Semester Simulation - HVAC
adjustment, iteration 3
Convergence Testing - write MATLAB
code
Convergence Testing - mesh setup
Convergence Testing - run 20in mesh
Convergence Testing - run 18in mesh
Convergence Testing - run 16in mesh
Convergence Testing - run 14in mesh
Convergence Testing - run 12in mesh
Convergence Testing - run 10in mesh
Convergence Testing - run 8in mesh
Convergence Testing - run 6in mesh
Convergence Testing - determine DOE
mesh size
DOE - create DOE geometry files
DOE - simulation HVAC adjustment,
iteration 1
DOE - simulation HVAC adjustment,
iteration 2
DOE - simulation HVAC adjustment,
iteration 3
DOE - data entry into MATLAB code and
results output
DOE - determine relevant parameters
Parameter Testing - test relevant
parameters
Parameter Testing - determine optimal
setup for relevant parameters
Second Semester Simulation - perform
final simulation with optimal parameter
settings

51

Second Semester Simulation - verify if
ring stays within one degree Celsius

52

Project Recommendation - recommend
fan and chiller settings to Fermilab for
implementation
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2

3/14/2019

3/21/2019

2

3/14/2019

3/21/2019

6
6
1
1
1
1
1
1
1
1

3/21/2019
3/21/2019
3/21/2019
3/21/2019
3/21/2019
3/21/2019
3/21/2019
3/21/2019
3/21/2019
3/21/2019

3/28/2019
3/28/2019
3/28/2019
3/28/2019
3/28/2019
3/28/2019
3/28/2019
3/28/2019
3/28/2019
3/28/2019

3

3/28/2019

4/4/2019

6

3/28/2019

4/4/2019

1

4/4/2019

4/11/2019

1

4/4/2019

4/11/2019

1

4/4/2019

4/11/2019

6
3

4/11/2019
4/11/2019

4/18/2019
4/18/2019

6

4/18/2019

4/25/2019

3

4/18/2019

4/25/2019

4

4/18/2019

4/25/2019

1

4/18/2019

4/25/2019

1

4/18/2019

4/25/2019
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Table 9 consists of a completed timeline of the project. All tasks listed in the timeline have been
completed. Note that the assignments required for the course are not included in the timeline and
that it only explicitly lists tasks directly related to the progress of the project.

9-CONCLUSION
Fermilab physicists had previously determined that if the ring’s temperature at any given point did
not fluctuate more that ±1°C, then the uncertainty from the ring’s temperature fluctuations would
become negligible. In the results of the final simulation, the ring’s temperature at any given point
remained in steady state with a maximum standard deviation of 0.05°C; therefore, verifying that
the installation of fans and chillers would indeed negate a significant amount of uncertainty in the
experiment, as long as they are oriented within the range of the DOE parameter values.
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12-APPENDIX
12.1-Updated Specifications
Physical
Room Size:

80x80x17 Feet (ft)

Magnet Diameter:

~50 Feet (ft)

Chiller Volume Flow Rate:

2750 Standard Cubic Feet Per Minute
(SCFM)

Current Fans Volume Flow Rate:

7500 Standard Cubic Feet Per Minute
(SCFM)

Electrical
Fan Power Input Voltage:

3 Phase 480 Volts AC (V)

Maximum Fan Current:

Practically Unlimited

Thermal
Heat Generating Elements:

56

Heat Generation:

50 Kilowatts (kW)

Magnet Operating Temperature:

287K – 290K (Further variations dependent
on season) (K)

Cooling Capacity:

60 Kilowatts (kW)

Temperature Accuracy:

.5 Kelvin (K)

Software
Computer Requirement:

Fermi

National

Accelerator

Windows Computing Cluster
Analysis Software

ANSYS CFX
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Safety
Being that much of the project will be in the analysis of the flow rate and direction
of flow of the air in the room, there are minimal safety risks.
Maintenance
Temperature deviations will need to be analyzed on a reoccurring basis in order to
ensure the direction of flow is sufficient to keep the magnet at a consistent
temperature.

12.2-Purchase Requisitions and Price Quotes
There were no purchases made throughout the duration of this project.

12.3-Supplemental Material
Link to fans used in simulation:
https://www.mcmaster.com/2024k62
Link to chillers (Carrier 40RUS08) used in simulation:
https://www.utcccs-cdn.com/hvac/docs/1005/Public/02/40RU-7-16-02SI.pdf
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